1. Introduction {#sec1}
===============

In the strenuous search for effective and safe anticancer therapy, a particular effort has being paid in recent years to identify drugs that target members of the heat shock protein (HSP)90 family that play a pivotal role in the process of malignant transformation of cells \[[@bib1]\]. The expression of chaperones of this family, in particular HSP90 and glucose-regulated protein94 (Grp94), the most abundant endoplasmic-resident HSP, is significantly increased in different types of both solid \[[@bib2], [@bib3], [@bib4]\] and hematological tumors \[[@bib5],[@bib6]\]. While up-regulation of HSP90 is the response to the increased demand to chaperone pro-mitotic and angiogenic client proteins actively synthesized by cancer cells \[[@bib7]\], the higher expression and membrane-bound location of Grp94 have only recently been related to chaperoning tumor-specific client proteins \[[@bib8]\].

The intense studies on the structure and biochemical properties of HSP90 and Grp94 have permitted to discover and synthesize both pan-HSP90 \[[@bib9]\] and paralog-specific inhibitors that target the ATP binding site in these HSPs \[[@bib8],[@bib10]\]. The basic concept to the research is that occupancy of the ATP binding site by purine-scaffold derivative compounds in place of the natural ligand, can lead to structural conformations of the HSPs that block the chaperone activity, causing downstream defective functioning of the tumor-related client proteins. Among the pan-HSP90 inhibitors, PU-H71 turned out to be the most promising anti-tumor compound for the cure of different types of cancer \[[@bib11], [@bib12], [@bib13]\], whereas PU-WS13 has emerged as Grp94-specific inhibitor that besides targeting this HSP would have the advantage to overcome the feed-back up-regulation of anti-apoptotic HSP70, hallmark of HSP90 inhibition driven by pan-inhibitor PU-H71 \[[@bib8],[@bib14],[@bib15]\].

Although many different HSP90 inhibitors have been developed so far, and some of them also entered into clinical evaluation, the progress made for using this class of compounds as effective anti-cancer drugs in clinical practice has been limited by failures \[[@bib16]\]. One possible reason might depend on being these molecules almost exclusively tested in cancer cells and the mechanism(s) by which they work in both tumor and normal tissue environment has not investigated in detail. It has also become clear that both HSP90 and Grp94 cannot any longer be considered as individual anti-tumor pharmacological target, since they operate in supra-molecular complexes that have functional relevance for the survival of tumor cells and show responsiveness to purine-scaffold HSP inhibitors \[[@bib17]\]. While the recent acquisitions about the role of chaperones operating in concert rather than singularly in supporting tumor growth are relevant to shed light on the metabolism of tumor cell in order to identify tumors susceptible to specific PU-inhibitors, the question remains as to whether and how PU-inhibitors could target chaperones once these are expressed on tumor cells or liberated from the tumor into circulation. The question especially pertains to Grp94 that is considered one of the most diffuse tumor antigen and a more reliable indicator of tumor malignancy \[[@bib18],[@bib19]\]. When present in the extra-cellular milieu, Grp94 is found exclusively bound to IgG, as it has first been observed in type 1 diabetes in which Grp94 is liberated in the plasma by autoimmune process \[[@bib20]\], and the complexes that it forms with IgG are particularly stable and can be detected long after the onset of disease \[[@bib21]\]. It has been demonstrated that both native Grp94-IgG complexes isolated from plasma of diabetic patients and surrogate complexes formed *in vitro* by incubating Grp94 with pre-immune IgG show qualitatively similar angiogenic-like effects on human umbilical vein endothelial cells (HUVECs) by activating differentiation-specific cellular pathways \[[@bib22],[@bib23]\]. The finding that Grp94 in complexes with IgG has the capacity to sustain and propagate the morphological alteration on vascular cells by autocrine/paracrine mechanism \[[@bib23]\], together with the observation that Grp94-IgG complexes circulate in plasma of cancer plasma as a marker of the disease \[[@bib24]\] support the possibility that alterations induced by these complexes on the vasculature can contribute to the growth and dissemination of the tumor. It would be therefore of particular interest to see whether purine-scaffold compounds can either antagonize Grp94 when in complex with IgG, or prevent Grp94 binding to IgG, thus representing an useful pharmacological option for antagonizing the unwanted effects driven on the vasculature by Grp94-IgG complexes. In addition, considering the particular chemical structure of these compounds, the question also arises as to whether they might exert the antagonistic effect by a mechanism other than the predicted inhibition of the ATP binding site in Grp94.

To address some of these questions, in this work we tested two PU-inhibitors, the pan-HSP90 inhibitor PU-H71 and the Grp94-selective PU-WS13 on HUVECs in different experimental conditions, and investigated the mechanism by which these inhibitors might counteract the effects driven on endothelial cells by Grp94 used both alone and in stable complexes with IgG as those isolated from plasma of diabetic subjects. Results indicate that, besides targeting the ATP-binding site in Grp94, PU-inhibitors exert direct effects on HUVECs that involve P2X7 receptor (P2X7R) and the purinergic pathway. In the context of a cellular setting, antagonism of Grp94 and prevention of the Grp94-IgG complex formation by PU-inhibitors crucially depend on both ATP and PU-inhibitor concentration.

2. Materials and methods {#sec2}
========================

2.1. Reagents and antibodies {#sec2.1}
----------------------------

Collagenase (Worthington Biochemical Corporation, Lakewood, NJ), Endothelial Basal Medium (EBM), Fetal Bovine Serum (FBS low IgG, \<100 μg/ml), Penicillin, Streptomycin, recombinant human epidermal growth factor, bovine brain extract and hydrocortisone were from Lonza (Walkersville, MD, USA). Protease inhibitor cocktail tablets were from Roche Diagnostics (Roche Diagnostics GmbH, Mannheim, Germany) and phosphatase inhibitors from Serva (Serva Electrophoresis GmbH, Heidelberg, Germany). The following primary anti-human antibodies (Abs) were used: anti phospho and total-p38 rabbit monoclonal Abs, anti phospho ERK1/2 rabbit polyclonal Abs, anti phospho Akt rabbit monoclonal Abs from Cell Signaling Technologies (Cell Signaling Technology, Inc., Danver, MA, USA), anti-ERK1/2 and anti-Akt1/2/3 rabbit polyclonal Abs, anti-P2X7R goat polyclonal, anti-VEGF and anti-HSP90α/β rabbit polyclonal, anti-HSP70 mouse monoclonal from Santa Cruz (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti β actin mouse monoclonal from Sigma-Aldrich (Sigma-Aldrich, St. Luis, MO, USA). Secondary Abs were HRP-conjugated (KPL, Gaithersburg, MD, USA), and biotin-conjugated (Bethyl Laboratories Inc.) coupled with HRP-conjugated streptavidin (KPL). All other reagents were of analytical grade from Sigma-Aldrich and Fluka (Fluka Chemie, GmbH, Buchs, Switzerland). PU-H71 and PU-WS13 were obtained as reported \[[@bib8]\].

2.2. Experiments with human plasma {#sec2.2}
----------------------------------

The study protocol for obtaining blood from both Type1 diabetic and control healthy subjects was approved by the Ethics Committee (Comitato Etico per la Sperimentazione, Regione Veneto), and both patients and healthy subjects gave their written informed consent for drawing 10-ml blood. Four Type1 diabetic subjects with mean age (±SD) of 27.5 (±8.4) yr and a mean diabetes duration of 10.4 (±6.9) yr, and four age-matched, non-smokers volunteers with a mean age of 35.2 (±6.7) yr were recruited for having blood samples. For obtaining Grp94-IgG complexes from plasma of diabetic subjects, blood was centrifuged and protein concentration measured spectrophotometrically at 280 nm. Each plasma sample contributed an equal protein content to form a plasma pool (62 mg/ml in 20 mM phosphate buffer, pH 7.0) that was loaded on to a 1-ml HiTrap ProteinG HP column (Amersham Biosciences) applied to a fast liquid chromatography system (Pharmacia LKB, Uppsala, Sweden). In the flow-through peak plasma proteins other than IgG eluted with buffer A (20 mM phosphate, pH 7.0), whereas integer IgG were recovered with buffer B (0.1 M glycine, pH 2.5) in the second peak. To avoid protein denaturation due to acidity of buffer B, 200 μl of 1.0 M Tris-HCl, pH 9.0, were added to IgG fractions immediately after recovery. Peaks were ultra-filtered on Amicon Centriplus YM-3 and final concentration of IgG measured at 280 nm using the extinction coefficient of E~280~ = 0.145. A 20-μl sample of IgG (5--7 μg) were loaded on to a 8.5% polyacrylamide gel in non reducing conditions for being processed in SDS-PAGE followed by Western blotting for Grp94 and IgG.

Plasma from the blood of healthy subjects was used to obtain Grp94-IgG complexes *in vitro*. Each sample contributed an equal content of plasma protein to form a pool that was loaded to a HiTrap ProteinG HP column as above for diabetic subjects. IgG-deprived plasma was obtained in the flow-through peak eluted from the HiTrap column, since it contained all plasma proteins (mostly HSA) other than IgG. Recombinant rabbit Grp94 was prepared as specified previously \[[@bib25]\] and incubated both alone (160 μg/ml) and together with PU-inhibitors (1 μM PU-H71 and PU-WS13) in both whole human plasma (3.8 mg/ml proteins) and in IgG-deprived plasma (containing the same HSA concentration of whole plasma), in the final volume of 250 μl at 37 °C for 4.0 h. After incubation, a 10-μl aliquot of each sample was loaded in non-reducing conditions to an 8.5% polyacrylamide gel for being processed in SDS-PAGE followed by Western blotting for Grp94.

2.3. Cell cultures {#sec2.3}
------------------

HUVECs were cultured as specified \[[@bib22]\] using at least four different cords for any cell preparation. Cells used at the passage 3--5 were maintained in endothelial basal medium (EBM) supplemented with 10% (v/v) FBS, 100 units/ml penicillin, 10 μg/ml streptomycin, 0.1% (v/v) rhEGF, 0.1% (v/v) hydrocortisone, 0.4% bovine brain extract and 0.1% (v/v) ascorbic acid, at 37 °C in a humidified 95% air, 5% CO~2~ atmosphere until cells reached sub-confluence. Cell culture purity was assessed by microscopic examination of the typical cobblestone morphology and by PE mouse anti-human CD31 monoclonal Abs (BD Pharmingen™, San Josè, CA, USA).

2.4. Cell proliferation assay {#sec2.4}
-----------------------------

Proliferation was evaluated by means of the MTT test. HUVECs were seeded at the concentration of 7.5 × 10^4^/ml in 96-well plates (200-μl wells) in EBM supplemented with 10% FBS. After over-night starvation in serum-free medium, cells were supplemented with a fresh aliquot (200 μl) of medium without and with either 1% human plasma or 1% FBS (in absence and presence of 0.5 mM ATP), and incubated without and with either Grp94 (100 ng/ml) or IgG (100 ng/ml) purified from the pool of diabetic plasmas (peak 2 from HT column containing native Grp94-IgG complexes). PU-H71 and PU-WS13, diluted in sterile water with 1.25% DMSO, were added at scalar concentrations (50 nM--1 μM for PU-H71, 250 nM to 1 μM for PU-WS13) together with Grp94 and p2HT to cells in triplicate wells. Vehicle alone was added in control wells. After incubation of both 6.0 h and 20 h, 20 μl of MTT (5 mg/ml in PBS) were added to each well and left in incubation for 4.0 h. The supernatant was then discarded and 100 μl of isopropanol contained 0.04 M HCl added for solubilization of formazan crystals. Absorbance was read at 570 nm as the value expressing the proliferation value.

2.5. Analysis of cell lysates {#sec2.5}
-----------------------------

HUVECs (25 × 10^4^/well) were seeded in 12-well plates (2 ml/well) in EBM supplemented with 10% FBS, and allowed to attach to well bottom for 24 h in a humidified 95% air and 5% CO~2~ atmosphere at 37 °C. Cells were then starved in fresh, serum-free medium for 5.0 h. After this time, a fresh aliquot (2 ml) of EBM, in both absence and presence of either 1% human plasma or 1% FBS (with and without 0.5 mM ATP), was added to cells with and without Grp94 (100 ng/ml) or p2HT (100 ng/ml, as above). After 1.0 h of incubation, PU-WS13 and PU-H71, diluted in sterile water with 1.25% DMSO, were added to the medium at the final concentration of 250 nM. Control cells were treated with the vehicle alone. Duplicate wells were used for each condition. At the end of incubation at both 6 and 20 h, medium was collected for separate analyses and cells washed with PBS, centrifuged for 10 min at 1500 rpm and lysed in 40 μl of RIPA buffer (Tris-HCl 50 mM pH 7.4, NaCl 150 mM, EDTA 1 mM, Triton X-100 1%, SDS 0.1%, sodium deoxycholate 1%) with the addition of protease and phosphatase inhibitors cocktail. Proteins were measured by the micro-BCA assay. Both pre-cast 4--20% poly-acrylamide gradient gels (Life Technologies, Carlsbad, CA, USA) and 8.5% polyacrylamide gels were used for the electrophoretic analysis of proteins (details are in the legends to the related figures). Proteins were then transferred on to a PVDF membrane for Western blot analysis for the above proteins and immunodetection performed with enhanced luminal-based chemiluminescent system (Immunological Sciences, Rome, Italy).

2.6. Analysis of media {#sec2.6}
----------------------

Media from duplicate wells were collected, centrifuged for 10 min at 800×*g* to remove cell debris and extensively dialyzed against a volume excess of Milli-Q water. The lyophilized material was re-suspended in 40 μl of sample buffer (Tris-HCl 0.125 M, pH 6.8, glycerol 20% and SDS 2%) and analyzed in SDS-PAGE followed by Western blotting for immunodetection of the specified proteins.

2.7. Statistical analysis {#sec2.7}
-------------------------

Data of cell growth were presented as mean ± S.D. GraphPad Prism (GraphPad software, Inc. San Diego, CA, USA) was used for statistical analysis of data. Comparisons between group means were made by two-way analysis of variance (ANOVA). A *P*-value \<0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. PU-inhibitors antagonize the Grp94-IgG complex formation in a-cellular setting {#sec3.1}
-----------------------------------------------------------------------------------

To see whether PU-H71 and PU-WS13 were able to inhibit the binding of Grp94 to IgG, a condition that might be exploited to prevent the complex formation *in vivo*, experiments were first set up in a-cellular setting in which PU- inhibitors were incubated together with Grp94 in human plasma, either whole or deprived of IgG ([Fig. 1](#fig1){ref-type="fig"}). Consistent with previously reported observations, Grp94 underwent a time- and temperature-dependent auto-proteolytic degradation \[[@bib25]\] and after 4.0 h incubation at 37 °C in absence of IgG (but with all other plasma proteins present in the medium) no band of Grp94 was detected in the blotting ([Fig. 1](#fig1){ref-type="fig"}A; empty lanes). After incubation with whole plasma ([Fig. 1](#fig1){ref-type="fig"}A, lanes on right), Grp94 was instead detected at molecular masses higher than its molecular weight, consistent with the formation of big, SDS-resistant complexes with IgG, as also proved by co-positivity for IgG of the Grp94 bands (data not shown) \[[@bib25]\]. PU-inhibitors added to the medium of whole plasma significantly reduced the intensity of immune reaction for Grp94 ([Fig. 1](#fig1){ref-type="fig"}A, lanes on right), thus proving that part of Grp94 was degraded as in IgG-deprived plasma. Results are consistent with having the binding of PU-H71 and PU-WS13 to the ATP-binding site caused a conformational shift in Grp94 sufficient to prevent any further binding to IgG. In this respect, the effect of PU-inhibitors is significantly different from that displayed by ATP that instead was able to stabilize the complex formation \[[@bib25]\].Fig. 1**PU-inhibitors prevent the formation of complexes that Grp94 forms with IgG in human plasma**. **A.** Recombinant rabbit Grp94 (160 μg/ml) was incubated (in a volume of 250 μl) for 4 h at 37 °C both alone and with PU-inhibitors (1 μM) in IgG-deprived (left) and whole human plasma (right), as specified in Methods. In the incubation medium with whole plasma the IgG concentration was about 4 μM, corresponding to a 2:1 M ratio with Grp94. An aliquot of 10 μl of each incubated sample was loaded in non-reducing conditions to an 8.5% polyacrylamide gel in SDS-PAGE followed by Western blotting for Grp94. **B.** Fresh, non incubated sample of Grp94 (1.6 μg) was processed in SDS-PAGE as above and tested for anti-Grp94 antibodies in Western blotting (left). Band at about 160 kDa corresponds to the dimer of Grp94 disappearing in reducing conditions (not shown). Right: Western blotting for Grp94 on the fraction of IgG purified from pooled diabetic plasma eluted in the peak 2 from the Protein G Hi-trap column, as detailed in Methods. Seven μg proteins were loaded in non-reducing conditions of sample. The broad band of between 150 and \> 200 kDa also shows positivity for human IgG (not shown). Molecular masses are indicated on right of lanes.Fig. 1

3.2. PU-H71 and PU-WS13 differently affect viability and morphology of HUVECs in both absence and presence of Grp94 and native Grp94-IgG complexes {#sec3.2}
--------------------------------------------------------------------------------------------------------------------------------------------------

We then sought to investigate whether PU-inhibitors were able to antagonize the formation of Grp94-IgG complexes also in cell culture, thus preventing the well-known effects that both Grp94 alone and Grp94-IgG complexes exert on vascular cells \[[@bib22],[@bib23]\]. To this aim, Grp94 was incubated both alone and with PU-inhibitors with HUVECs in absence and presence of human plasma (or FBS), and effects measured on cell viability and morphology. To also see whether PU-inhibitors could antagonize or reduce the effects displayed on vascular cells by already formed Grp94-IgG complexes, in other experiments HUVECs were incubated, in absence of plasma/serum, with native Grp94-IgG complexes obtained in the last step of IgG purification from pooled plasma of diabetic subjects (peak 2 from HiTrap column, henceforth p2HT). As predicted from previous results \[[@bib23]\], Grp94 in diabetic plasma was found inextricably linked to IgG to form high-molecular mass and SDS-resistant complexes ([Fig. 1](#fig1){ref-type="fig"}B), similar to those formed experimentally ([Fig. 1](#fig1){ref-type="fig"}A). After 6 h incubation in absence of serum, both Grp94 alone and p2HT (100 ng/ml both) increased cell viability to a similar extent (29 ± 19.5% and 32 ± 18% for Grp94 and p2HT, respectively) ([Fig. 2](#fig2){ref-type="fig"}A). PU-inhibitors (50, 250 and 1000 nM) not only failed to antagonize the stimulatory effect of both Grp94 and p2HT, but on their own (PU-H71 at the lowest concentration, PU-WS13 at any concentration) increased cell viability markedly although this effect did not reach statistical significance ([Fig. 2](#fig2){ref-type="fig"}A). A likely explanation of these results was that PU-inhibitors, whose concentration in the medium by far exceeded that of Grp94 and p2HT, could also directly act on ATP receptors present on cell membrane.Fig. 2**Effects of PU-inhibitors on cell viability are independent of those of both Grp94 and native Grp94-IgG complexes.** Cells were cultured and seeded as specified in Methods and after overnight starvation in serum-free medium cells were supplemented with fresh medium with and without 1% FBS and incubated with both Grp94 and p2HT (100 ng/ml each) in presence of PU-inhibitors, and after incubation of 6.0 h, MTT was added to evaluate the entity of viability expressed as absorbance (in arbitrary units) at 570 nm. **A.** Cells were cultured in triplicate wells and PU-inhibitors added at the indicated concentrations. Histograms represent the means (±SD) of measurements made in two separate experiments. **B.** Cells were cultured in quadruplicate wells in both absence (control) and presence of Grp94 and PU-inhibitors (250 nM each) with and without ATP (0.5 mM). Histograms are the means (±SD) of measurements made in three separate experiments. Asterisks mark the significant (\*P \< 0.05) and highly significant (\*\*P \< 0.001) difference with respect to the control (Two-way ANOVA).Fig. 2

Since purine-scaffold molecules compete with ATP at the ATP binding site in Grp94, and an increase in the extra-cellular ATP is reported to occur in different pathological conditions \[[@bib26]\], in separate experiments we also used ATP (0.5 mM) to test whether ATP could antagonize the effects driven by Grp94 on HUVECs. It was thus confirmed that the significant stimulation of cell viability by Grp94 (30 ± 3.2%, p \< 0.05) was not antagonized by PU-inhibitors (both at 250 nM) that on their own caused an even higher stimulation (64 ± 14% and 74 ± 1.3% for PU-H71 and PU-WS13, respectively, p \< 0.001 compared to the control) ([Fig. 2](#fig2){ref-type="fig"}B, graph on left). The finding that, when added to Grp94, PU-inhibitors induced the same stimulation as that observed with PU-inhibitors alone, suggested that the stimulatory effect of Grp94 and PU-inhibitors was likely mediated by a different mechanism. ATP did not modify substantially this pattern so that only Grp94 and PU-inhibitors appeared to be responsible for the stimulation, without any interfering effect of ATP (two-way ANOVA, F = 17, p \< 0.0001). In presence of FBS, a higher variability in the response was apparent so that no clear effect was any longer visible with both PU-inhibitors and Grp94, in absence and presence of ATP ([Fig. 2](#fig2){ref-type="fig"}B, graph on right).

Both Grp94 and p2HT drastically changed cell morphology in absence of plasma, inducing the formation of numerous cavities and long cytoplasmic elongations of cells suggestive of a marked angiogenic-like transformation ([Fig. 3](#fig3){ref-type="fig"}A). PU-H71 (1 μM), but not so PU-WS13 (1 μM), reduced the alterations caused by Grp94, whereas both PU-inhibitors were apparently unable to significantly counteract the effects of p2HT. It was observed that the normal morphology of HUVECs was also partially subverted by PU-inhibitors alone, especially PU-WS13. The Grp94-dependent morphological alterations of HUVECs were much less visible in presence of plasma so that any antagonistic effect of the inhibitors was not detectable in this condition ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3**PU-inhibitors differently affect cell morphology in both absence and presence of Grp94 and native Grp94-IgG complexes**. Cells were seeded at the concentration of 25 × 10^4^ in triplicate wells (12-well plate) and incubated in both absence (**A**) and presence of 1% human plasma (**B**) with Grp94 and p2HT (100 ng/ml each) and PU-inhibitors (1 μM both). P2HT was only tested in absence of plasma (A). Representative images are shown of many others taken at the optical microscope (Leyca DMI 40008 equipped with DFC camera 480) in at least four experiments made on separate occasions. Magnification of 10 x.Fig. 3

3.3. PU-inhibitors activate PI3/Akt and VEGF pathways in HUVECs independently of Grp94 and p2HT but show distinct sensitivity to ATP {#sec3.3}
------------------------------------------------------------------------------------------------------------------------------------

Inhibition of the angiogenic-like capacity of Grp94 can be explained by occupancy of the ATP-binding site by PU-inhibitors with consequent conformational modification of Grp94, so as to prevent its binding to the cell. However, since neither one of the PU-inhibitors, especially PU-WS13, appeared to antagonize the effects of Grp94 on both cell viability and morphology, suggesting instead an independent capacity of PU-inhibitors to affect cell metabolism, we investigated this aspect further by measuring the expression of proteins of the signaling pathways specifically involved in the process of growth and differentiation of HUVECs \[[@bib27],[@bib28]\]. Proteins of both MEK-ERK1/2 and p38 pathways did not change with respect to the control for the addition of any substance at 6 h incubation in absence of plasma/serum, whereas a slight stimulation of the p-Akt was detected with both Grp94 and p2HT ([Fig. 4](#fig4){ref-type="fig"}A). PU-inhibitors appeared to partially inhibit the stimulation of p-Akt (the 56-kDa isozyme) by p2HT ([Fig. 4](#fig4){ref-type="fig"}A, right), at the same time stimulating on their own the expression of p-Akt ([Fig. 4](#fig4){ref-type="fig"}A, left). The stimulation of p-Akt by both Grp94 and PU-inhibitors was no longer visible when ATP was added to the medium (data not shown) and also when cells were cultured in presence of serum ([Fig. 4](#fig4){ref-type="fig"}B, left). In presence of serum, ATP reduced the expression of both p- and t-Akt while causing a significant stimulation of both p- and t-ERK1/2, independently of that induced by Grp94 and PU-WS13 ([Fig. 4](#fig4){ref-type="fig"}B, right). Both Grp94 and PU-WS13 appeared to enhance the stimulatory effect of ATP, whereas PU-H71 behaved differently and inhibited MEK-ERK1/2 activation by Grp94 ([Fig. 4](#fig4){ref-type="fig"}B, right). Opposite effects on Akt and MEK-ERK1/2 have already been observed to occur with ATP and attributed to the activation of the P2X7 receptor \[[@bib29],[@bib30]\]. In particular, the significant depletion of the p-Akt has been associated with a potential killing activity of ATP in cancer cells \[[@bib31]\]. Apparently, thus, ATP was responsible for reversing the PI3K-Akt stimulation by Grp94 and PU-inhibitors, while in presence of serum permitted to disclose the different capacity of PU-H71 and PU-WS13 to interfere with the MEK-ERK1/2 pathway independently of Grp94.Fig. 4**PU-inhibitors interfere with specific cell signaling pathways independently of Grp94 but dependently on ATP**. Cells were cultured in duplicate wells as specified in Methods for obtaining and analyzing cell lysates. **A.** Western blotting for the indicated proteins was performed after 20 μg proteins of each sample were processed in SDS-PAGE (8.5% gel polyacrylamide) in reducing conditions. Cells were cultured for 6.0 h in absence of plasma and incubated with Grp94 and p2HT (100 ng/ml each) and PU-inhibitors (0.5 μM PU-H71 and 1 μM PU-WS13). **B.** Cells were cultured in presence of 1% FBS with and without 0.5 mM ATP. Conditions of Western blotting are as in A. Western blotting in absence and presence of ATP refer to two separate gels and membranes, each exposed to specific antibodies in sequence (from above) following stripping. **C.** Cells were cultured in absence of plasma with Grp94 and p2HT and PU-inhibitors as in A, and incubated for 20 h. Samples (20 μg) for measuring VEGF, HSP90 and HSP70 are loaded on a gel distinct from that for detecting p-Akt and t-Akt (samples loaded in reducing conditions). Molecular masses of reference on right of WB in each panel.Fig. 4

After 20 h incubation, the stimulation of PI3K-Akt was no longer detectable with Grp94 and PU-inhibitors alone, whereas still partially persisted with p2HT ([Fig. 4](#fig4){ref-type="fig"}C). The result is in accord with what already observed on HUVECs with *in vitro*-formed Grp94-IgG complexes which caused a prolonged activation of PI3K-Akt \[[@bib32]\]. Since both HSP90 and HSP70 are involved in mediating the effects of Grp94 on HUVECs \[[@bib22]\], and since VEGF is known to primarily contribute to the angiogenic transformation of endothelial cells, we also measured the expression of these proteins at the two incubation times. No stimulation was observed at 6 h in absence of plasma/serum ([Fig. 5](#fig5){ref-type="fig"}A, left), whereas at 20 h VEGF expression was slightly stimulated by Grp94 and to a higher extent by p2HT ([Fig. 4](#fig4){ref-type="fig"}C) and PU-inhibitors ([Figs. 4](#fig4){ref-type="fig"}C and [5B](#fig5){ref-type="fig"}). Stimulation of VEGF by PU-inhibitors appeared to be independent of that sustained by Grp94 and p2HT. As expected, PU-H71 increased the expression of HSP70 \[[@bib14]\] in both absence and presence of plasma, whereas no variation with respect to the control was noted for HSP90 ([Figs. 4](#fig4){ref-type="fig"}C and [5A](#fig5){ref-type="fig"}, left). Results support the view that PU-inhibitors are able to modulate the PI3K-Akt and VEGF pathways in HUVECs independently of Grp94 and p2HT.Fig. 5**ATP antagonizes the effects of PU-inhibitors on HUVECs.** HUVECs (25 × 10^4^/well) were cultured as indicated in Methods in duplicate wells in absence and presence of 1% FBS, with and without ATP (0.5 mM), and incubated with Grp94 (100 ng/ml) and PU-inhibitors (250 nM) for 6.0 h (**A**) and 20 h (**B**). After each incubation period, cells were collected and lysed as specified in Methods, and 15 μg proteins (without reducing treatment) loaded on a 4--20% polyacrylamide gels for SDS-PAGE followed by Western blotting for testing, in sequence after stripping of the membrane, the expression of P2X7R, VEGF, HSP90 and HSP70. In panel B, graphs represent the intensity of HSP70-positive bands measured by densitometric analysis (GelPro Software) and expressed as arbitrary units of optical density (O.D.). A representative blotting of three others made on different occasions is shown. **C**. Cells were cultured at the density indicated above and incubated with both Grp94 and PU-inhibitors (as above) in absence of FBS for 20 h. Media were then collected, dialyzed, lyophilized and re-suspended in 50 μl of sample buffer. Fifteen μl of the protein solution (not submitted to reducing treatment) were loaded on a 4--20% gradient polyacrylamide gel for SDS-PAGE followed by Western blotting for the proteins listed in A and B. A representative blotting (for the proteins that only gave positive results) is shown of three others made on separate occasions. **D**. Cells were cultured as indicated above and incubated with Grp94 (100 ng/ml) and PU-inhibitors (250 nM) in presence of 1% FBS for 20 h. Media were collected, dialyzed, lyophilized and re-suspended in 80 μl of sample buffer. Fifteen μl of the protein solution were loaded on a 4--20% gradient polyacrylamide gel for SDS-PAGE followed by Western blotting for Grp94. A representative blotting is shown of two others made on separate occasions.Fig. 5

3.4. Both ATP and serum interfere with the activation of P2X7 receptor by PU-inhibitors {#sec3.4}
---------------------------------------------------------------------------------------

The observation that ATP modulates the effects of Grp94 and PU-inhibitors on PI3K-Akt and MEK-ERK1/2 in HUVECs led us to investigate this aspect in detail. We centered the attention on P2X7R that, for being one of the most important sub-types of ATP receptor, also present in endothelial cells \[[@bib33],[@bib34]\], was the more probable target of PU-inhibitors. P2X7R was scarcely expressed in HUVECs at 6 h in any incubation condition, whereas at 20 h, in absence of serum and ATP, it was markedly stimulated by PU-inhibitors, mostly PU-WS13 ([Fig. 5](#fig5){ref-type="fig"}B, left). In non-reducing condition of samples in SDS-PAGE, the receptor was always found at molecular mass higher than that predicted for the full-length form of 60--70 kDa \[[@bib35]\], suggesting either oligomeritation \[[@bib36]\] or association of the receptor with other cell proteins \[[@bib37]\]. Accordingly, after reducing treatment of samples, P2X7R migrated at the molecular mass of 65 kDa in SDS-PAGE (data not shown). It was apparent that the stimulation of VEGF by PU-inhibitors paralleled that of P2X7R, whereas this was not true for Grp94 that did not affect at all the P2X7R expression ([Fig. 5](#fig5){ref-type="fig"}B, left).

The results confirm the already observed relationship between P2X7R activation and release of VEGF \[[@bib26],[@bib30]\], and corroborate the hypothesis that Grp94 and PU-inhibitors activate PI3K-Akt by targeting distinct upstream cell structures. It is known that P2X7R is present on cell membrane in complexes with other proteins responsible for coupling the activation of the receptor to a series of downstream signaling cascades \[[@bib38]\]. It has also been demonstrated that both HSP70 and HSP90 can form complexes with the receptor, and HSP90 in particular is closely involved in the regulation of the receptor \[[@bib37],[@bib39]\]. We measured the expression of these HSPs in cells cultured in both absence and presence of FBS and ATP and found that in neither condition Grp94 changed the expression of HSP90 and HSP70 that was instead stimulated by PU-H71 as a function of time of incubation and serum addition ([Fig. 5](#fig5){ref-type="fig"}A and B). Interestingly, in both absence and presence of serum, ATP antagonized the stimulation of HSP70, an effect that was still visible after 20 h incubation ([Fig. 5](#fig5){ref-type="fig"}B). It was observed that the capacity to stimulate P2X7R and VEGF by PU-inhibitors was lost in presence of ATP, as it was with serum regardless of ATP addition ([Fig. 5](#fig5){ref-type="fig"}B, right). Thus, both ATP and serum reversed the P2X7R stimulation by PU-inhibitors, whereas only ATP was apparently responsible for the antagonistic effect on the stimulation of HSP70 expression.

3.5. ATP antagonizes the PU-inhibitor-mediated secretion of P2X7R, VEGF and HSP70 from HUVECs {#sec3.5}
---------------------------------------------------------------------------------------------

Considering the inhibitory effect of ATP on the stimulation by PU-inhibitors of P2X7R, VEGF and mostly HSP70 in cell lysates, it was of interest to explore whether similar antagonism could also occur on protein secretion. The measurement of protein expression in cell media was possible only for cells cultured in absence of serum since the bulk of albumin and IgG in serum (despite the low concentration of 1%) precluded the evaluation of any true difference in the pattern of protein secreted. At 6 h incubation, only weak expression of the proteins were visible in cell media, probably due to the insufficient secretion (data not shown), whereas at 20 h a significant positivity for P2X7R and VEGF were found with both PU-inhibitors, and also for HSP70 with PU-H71 only ([Fig. 5](#fig5){ref-type="fig"}C). ATP reversed this pattern and no protein was anymore detectable in the medium ([Fig. 5](#fig5){ref-type="fig"}C).

3.6. Inhibition of the Grp94-IgG complex formation by PU-inhibitors in a cellular setting crucially depends on ATP {#sec3.6}
------------------------------------------------------------------------------------------------------------------

Since the experiments aimed at testing the capacity of PU-inhibitors to prevent the formation of Grp94-IgG complexes in a cellular setting failed to address this issue -- the morphological alterations induced by Grp94 on HUVECs were apparently reduced in presence of plasma/serum ([Fig. 3](#fig3){ref-type="fig"}B), so that any inhibitory effect by PU-inhibitors was not testable in this condition - we sought to address this issue more directly, also taking advantage of the above reported effects of ATP. Cells were thus incubated with Grp94 and PU-inhibitors in presence of FBS, with and without ATP, and the expression of Grp94 was measured in media. In this experiment, PU-inhibitors were used at the concentration of 250 nM that falls within the range of concentrations reported to yield half-maximal tumoricidal activity \[[@bib6]\]. As expected, Grp94 formed high-molecular mass complexes with IgG present in FBS and the complex formation was not prevented by the addition of PU-inhibitors in absence of ATP ([Fig. 5](#fig5){ref-type="fig"}D), suggesting that in this condition binding of PU-inhibitors to the receptor on HUVECs was favored with respect to the ATP site in Grp94. Instead, in presence of ATP, PU-inhibitors caused a marked reduction in the complex formation as judged by disappearance of the bands at the highest molecular masses in WB ([Fig. 5](#fig5){ref-type="fig"}D). The result can be explained by considering that ATP has a higher affinity to P2X7R than PU-inhibitors that, for being prevented from binding to the cell receptor, are free to bind to Grp94 blocking Grp94 binding to IgG. The finding that Grp94-IgG complexes that form in FBS are not modified by PU-inhibitors in absence of ATP further confirms what already observed in experiments with p2HT, i.e., that PU-inhibitors cannot access Grp94 when it is stably complexed with IgG.

4. Discussion {#sec4}
=============

The aim of our work was to test the possibility that PU-inhibitors could antagonize the effects driven on vascular cells by Grp94. In particular, since Grp94 following its extracellular liberation is found almost exclusively in complexes with IgG \[[@bib24]\], we wanted to see whether PU-inhibitors, by binding to the ATP site in Grp94 could also prevent Grp94 binding to IgG. Considering the strong stability and deleterious effects driven on vascular cells by circulating Grp94-IgG complexes \[[@bib21],[@bib23]\], prevention of the Grp94-IgG complex formation might represent a better therapeutic option. Here, we demonstrate that when tested in presence of human plasma, in a-cellular setting, PU-H71 and PU-WS13 actually block the formation of complexes of Grp94 with IgG by occupying the ATP site in Grp94 ([Fig. 1](#fig1){ref-type="fig"}), a result in line with previous observations showing that the binding of IgG takes place in the N-terminal portion of Grp94, nearby the ATP site \[[@bib25]\]. We instead failed to demonstrate a similar antagonism when PU-inhibitors were tested on HUVECs, in presence of both Grp94 and native Grp94-IgG complexes purified from diabetic plasma (p2HT). Indeed, the experiments in which cells were cultured in presence of IgG (by adding either FBS or human plasma to cell cultures) -- the condition used to test the capacity of PU-inhibitors to prevent the complex formation by Grp94 - did not permit to draw any firm conclusion, since, in presence of plasma or serum, the effects driven on cells by Grp94 were always less evident and inconstant ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). This can be explained by considering that besides binding to PU-inhibitors, Grp94 also binds to IgG, forming complexes that are however in concentrations not sufficient to drive significant effects on cells, so that the net result is less intense than that observed with Grp94 in absence of serum.

In experiments in which cells were instead cultured in absence of serum/plasma, a marked stimulation of cell growth and significant alterations of cell morphology were evident with both Grp94 and p2HT ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). PU-H71 caused a concentration-dependent reduction in the stimulatory effect of Grp94, as well as inhibition of the morphological alterations ([Fig. 3](#fig3){ref-type="fig"}A), whereas PU-WS13 was apparently much less effective in this respect. However, also PU-H71 did not reduce significantly the angiogenic-like stimulation of p2HT, a result consistent with the inability of PU-inhibitors to access the ATP site in Grp94 once this is stably linked to IgG \[[@bib25]\] ([Fig. 1](#fig1){ref-type="fig"}B). The result of a different inhibitory capacity of the two inhibitors, PU-WS13 showing little or no ability to reverse the effects of Grp94 on cells even at the highest concentration and despite its higher specificity as Grp94 inhibitor \[[@bib8]\], raised doubt on whether the observed effects could really be attributable to the shared mechanism of blocking the ATP site in Grp94. If this were the case, indeed, we would expect to observe overlapping or even higher inhibitory capacity by PU-WS13. It was thus considered the possibility that PU-inhibitors, besides blocking the ATP site in Grp94, could also display a similar mechanism directly on vascular cells, a conclusion confirmed in experiments in which PU-inhibitors were shown to sustain cell viability and induce morphological modifications in HUVECs similar to, although less intense than those provoked by Grp94 and p2HT ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}). These results strongly suggest that the effects of PU-inhibitors were mediated by the same cellular pathway(s) involved in Grp94-and p2HT-driven effects, although the upstream membrane target should predictably be distinct. By investigating the cell signaling pathways commonly involved in mediating growth-stimulating and transforming effects on endothelial cells, we found that at short incubation time both Grp94 and p2HT activated PI3K-Akt, whereas after 20 h incubation only p2HT was still able to stimulate the expression of Akt together with that of VEGF ([Fig. 4](#fig4){ref-type="fig"}C), a finding consistent with the already observed capacity of native Grp94-IgG complexes to sustain prolonged and intense effects on endothelial cells \[[@bib23]\]. Coherently with results of the morphological pictures, we noted that when PU-inhibitors were incubated with both Grp94 and p2HT, cell expression of p-Akt and t-Akt, as well as that of VEGF overlapped that measured with PU-inhibitors alone ([Fig. 4](#fig4){ref-type="fig"}A), to confirm the conclusion that PU-inhibitors stimulate the cell signaling pathways that lead to the endothelial cell transformation independently of Grp94 and p2HT. Taking into account the above results and also considering the structural and functional properties of PU-inhibitors, it was hypothesized that the likely cellular target of PU-inhibitors could be the P2X7 receptor, the main ATP-gated ion channel receptor \[[@bib34]\], and that, similarly to the antagonism occurring with ATP at the binding site in Grp94, antagonism might also take place between PU-inhibitors and ATP at the cellular level where ATP displays a range of metabolic effects through the activation of this receptor in both physiological \[[@bib33],[@bib34]\] and pathological conditions \[[@bib30],[@bib40]\]. Although it has been reported that ATP has paracrine effects on vascular cells, inducing the growth and differentiation of endothelial cells \[[@bib33],[@bib41]\], in our experiments ATP (0.5 mM) did not modify cell viability or morphology, nor did it significantly affect the effects of Grp94 on HUVECs ([Fig. 2](#fig2){ref-type="fig"}B). It was also apparent that ATP did not stimulate the expression of P2X7R ([Fig. 5](#fig5){ref-type="fig"}) whereas it was able to cause a reduction in the basal level of both p-Akt and t-Akt together with stimulation of p-ERK1/2 and t-ERK1/2 ([Fig. 4](#fig4){ref-type="fig"}B), both these effects being justified by the activation of P2X7R, as has also been demonstrated in other cell types \[[@bib29], [@bib30], [@bib31]\]. The effects of ATP on both PI3K-Akt and MEK-ERK1/2 pathways also prevailed in presence of Grp94 and PU-inhibitors, since neither Grp94 nor PU-inhibitors *per se* gave any stimulation of MEK-ERK1/2 that instead appeared following the addition of ATP ([Fig. 4](#fig4){ref-type="fig"}B). In this respect, PU-H71 behaved differently with respect to PU-WS13 since in presence of ATP no stimulation of MEK-ERK1/2 was observed with PU-H71, a fact that pointed to a different mechanism of regulation of cell metabolism by the two inhibitors. The finding that also serum prevented the activation of PI3K-Akt might be explained by considering that serum in itself is able to sufficiently stimulate MEK-ERK1/2 as to negatively regulate PI3K-Akt. The cross-talk between the two pathways is reported to follow an inverse regulation so that activation of one pathway associates with inhibition of the other \[[@bib42]\].

Since the antagonism exerted by ATP on activation of PI3K-Akt by Grp94 and PU-inhibitors implied the possible involvement of P2X7R, we addressed this issue in separate experiments and verified that PU-inhibitors, but not Grp94, increased the expression of P2X7R in absence of serum, an effect completely antagonized by ATP ([Fig. 5](#fig5){ref-type="fig"}B). Besides supporting the conclusion suggested by experiments on cell viability ([Fig. 2](#fig2){ref-type="fig"}), i.e., that the effects of Grp94 on Akt and VEGF are mediated by an upstream cell membrane signal distinct from that targeted by PU-inhibitors, results clearly indicated that the effects of PU-inhibitors on HUVECs involved the purinergic pathway. Intriguingly, however, the activation of this pathway did not appear to directly involve the P2X7 receptor whose activation by ATP is known to cause phosphorylation of MEK-ERK1/2 \[[@bib30]\] while causing depletion of phosphorylated Akt \[[@bib31]\]. Although both these effects have been documented to occur in cancer cells and no such detailed information is so far available in vascular endothelial cells, our results nevertheless demonstrated that PU-inhibitors do not share with ATP the same mechanism of activation of the purinergic pathway since the increased expression of P2X7R by PU-inhibitors primarily appeared to depend on activation of PI3K-Akt. Associated with this mechanism was the increased expression of both VEGF, induced by both PU-inhibitors, and HSP70, exclusively induced by PU-H71. Inhibition of HSP90 by pan-HSP90 inhibitors like PU-H71 is known to increase the expression of HSP70 in cancer cells \[[@bib3],[@bib8]\], an effect that counteracts the anti-tumor efficacy of HSP90 inhibitors \[[@bib43],[@bib44]\]. We observed that the increase in HSP70 expression by PU-H71 was a time-dependent and serum-independent effect ([Fig. 5](#fig5){ref-type="fig"}A and B). Interestingly, ATP was able to inhibit the stimulation of HSP70 in both absence and presence of serum, this effect being maximal at short incubation time but still significant even after 20 h incubation ([Fig. 5](#fig5){ref-type="fig"}A and B) when a reduction in ATP concentration is expected to occur due to ATP degradation. Antagonism by ATP of the PU-inhibitor effects on the purinergic pathway was also visible on secretion, since the time-dependent secretion of both P2X7R and VEGF and of HSP70 (for PU-H71 only) was abolished by ATP ([Fig. 5](#fig5){ref-type="fig"}C). An extra-cellular liberation of P2X7R has been described to occur following activation of the purinergic pathway that causes exocytosis of microvesicles containing, among others, also the receptor itself \[[@bib45]\].

Since our results collectively indicated that antagonism between PU-inhibitors and ATP occurred almost exclusively at the cellular level, being unobservable any competition at the ATP site in Grp94 ([Figs. 2](#fig2){ref-type="fig"} and [5](#fig5){ref-type="fig"}), we took advantage of this antagonism to see whether ATP could influence the capacity of PU-inhibitors to block Grp94 so as to prevent binding to IgG. Thus, by measuring the expression of Grp94-IgG complexes in media of cells cultured with serum in presence of both Grp94 and PU-inhibitors, it was observed that in absence of ATP PU-inhibitors did not prevent binding of Grp94 to IgG so that complexes were visible in Western blotting ([Fig. 5](#fig5){ref-type="fig"}D). This result was in line with what observed on cell morphology, i.e. that also in presence of Grp94 the effects on cells were those driven by PU-inhibitors, thus implying that in these experimental conditions PU-inhibitors show a higher binding affinity to the cell target than the ATP site on Grp94. This conclusion was further supported by results obtained with the addition of ATP, since in this case PU-inhibitors were able to antagonize the formation of Grp94-IgG complexes ([Fig. 5](#fig5){ref-type="fig"}D): thus, ATP by competing with PU-inhibitors at the binding site on cell, enabled PU-inhibitors to be available to bind and block Grp94.

In conclusion, our work has disclosed the so far unknown property of PU-inhibitors to target the ATP receptor P2X7 and the purinergic pathway in HUVECs with a mechanism different from that displayed by the natural ligand ATP. Binding of PU-inhibitors to the cell membrane is such as to prevent occupancy of the ATP site in Grp94 so that effects on cells in presence of Grp94 are those displayed by PU-inhibitors alone. In this respect, PU-inhibitors appear to partially mitigate the intense angiogenic-like effect of Grp94. At the same time, however, binding of PU-inhibitors to cell permits unblocked Grp94 to bind to IgG thus forming Grp94-IgG complexes. Our results demonstrate that ATP, by binding to P2X7R on HUVECs, can reverse the effects of PU-inhibitors, including the unwanted stimulation of HSP70 by PU-H71, leaving PU-inhibitors free to block Grp94 binding to IgG. This last mechanism might be exploited to enhance the therapeutic efficacy of PU-inhibitors to prevent the pathogenic effects of circulating Grp94-IgG complexes.
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